Abstract. Due to its high accuracy and great positioning range, long baseline positioning system has a wide range of application in precise positioning of underwater static objects. In long baseline underwater positioning system, errors due to uncertain sound speed are the major facts to its positioning accuracy. In this paper, a precise positioning model of the long baseline system is established by setting the acoustic signal to propagate at different speeds between the target and different hydrophones, and particle swarm optimization algorithm is used to solve the multi-parameter optimization problem. Presented simulation results show that the proposed algorithm can effectively improve the positioning accuracy of the long baseline positioning system compared to existing algorithms.
Introduction
It has a wide range of applications for precise positioning of underwater objects, such as seafloor geodetic deformation research [1] , offshore exploration [2] and ocean engineering [3] . According to the length of baseline, underwater acoustic positioning system (UAPS) can be classified into long baseline (LBL) system, short baseline (SBL) system and ultra-short baseline (USBL) system. Comparing to the others, LBL system has higher accuracy and wider operational area.
Using acoustic signal to measure the straight distances between the target and hydrophones is the fundamental work in LBL system. After estimating the time of arrival (TOA) of the acoustic signal, the straight distance can be calculated by multiplying it and the sound speed, then, various linear or nonlinear algorithms such as linear least square (LLS), weighted linear least square (WLLS), nonlinear least square (NLS) or maximum likelihood (ML) [4, 5] can be used to locate the object.
The most damaging error source in LBL system is induced by the uncertain sound speed. Using constant sound speed and assuming that acoustic signal travels along a straight path must cause serious positioning error since its propagation follows the Snell's Law. In previous studies, sound speed correction usually uses the ray acoustics theory to trace the propagation path of acoustic signal, and the straight distance is calculated from the measured propagation time on the basis of the accurately measured sound speed profile (SSP) [6] [7] [8] [9] . However, there is an unavoidable error in the SSP measured by sound velocity profiler (SVP) or derived from conductivity, temperature, and density (CTD) measurements [10] , which will unfortunately lead to the degradation of sound speed correction methods based on fixed SSP. In other studies [11, 12] , sound speed are considered as an unknown variable and been solved in the course of positioning. However, the sound speed between the target and each hydrophone is regarded as equal, which is very discrepant from the reality.
Through analyzing the relationship between the effective sound speed (ESS) and target position, this study proposed a particle swarm optimization (PSO) based positioning method for LBL system. First, we model the ESS as a polynomial function of the horizontal distance between the target and the hydrophone instead of measuring the SSP. Then, a multi-parameter optimization function is developed to estimate the ESS by using the effective information in LBL system. Finally, PSO algorithm is selected to solve the optimization function and the target location is determined by LS algorithm with obtained ESSs. The simulation results show that the method can improve the positioning accuracy of LBL system with uncertain SSP.
The ESS in LBL System
According to the ray acoustics theory, the acoustic signal travels along different paths from the sound source to any point of the space, and the signal received at that point is the sum of all the eigen ray. For each eigen ray, there is an equivalent sound speed calculated as the ratio of straight distance to the propagation time. ESS is defined as the equivalent sound speed corresponding to the earliest arrival eigen ray, which means, when multiplied ESS by the propagation time between two underwater points, yields the straight distance between them [13] .
The ESS underwater is determined not only by the SSP but also by the relative position of the two points. In this study, we design an experiment to calculate the ESS in ocean with different horizontal distance at a depth of 800m. The solid line in Figure 1 (b) represents the relationship between ESS calculated by Snell's Law and horizontal distance under the SSP depicted in Figure 1 (a) . It can be seen that different ESS can be obtained from different horizontal distances in the case of fixed depth, and there is a polynomial relationship between ESS and the horizontal distance. The dotted line in Figure 1 (b) represents the result obtained by fitting the solid line with a cubic curve and it fitted well. We describe the relationship by Eq. 1.
(1) where
are polynomial coefficients, i c indicates the ESS and i r expresses the horizontal distances between target and i-th hydrophone which can be calculated as follows:
where (x, y) and (xi, yi) are the coordinates of the target and i-th hydrophone, respectively. In LBL system, although the depth differences between the target and each hydrophone are equal, the corresponding ESSs are not equal due to the different horizontal distances. This results a large error in LS algorithm [12] which using a single ESS. So we set different ESSs between the target and different hydrophones to improve the positioning accuracy. The corresponding ESS is estimated using the horizontal distance, and the target coordinate can be estimated by LS algorithm. In this way, the problem of improving LBL system positioning accuracy is transformed into a multi-parameter optimization problem of how to obtain the ESSs.
Proposed Method
In this study, PSO is utilized to solve the multi-parameter optimization problem to obtain the ESSs, and then the target location is determined by LS algorithm with obtained ESSs. PSO consists of particles, each of which is an alternative solution for the optimization problem. Each particle has its own position vector and velocity vector, which store the instantaneous position and velocity parameters, respectively. In each iteration of the PSO, each particle updates its velocity and position vectors by Eq. 3 and Eq. 4.
p is the optimal position of the particle that has been achieved so far and best g is the global optimal position for the whole population. When the stopping criterion is met, best g stores the optimal solution of the problem.
Fitness Function
In this study, 4-hydrophones LBL system is utilized to locate underwater object. The four hydrophones are arranged at the sea surface, and the target underwater to be located is at a certain depth which can be measured accurately by the depth sensor. In this way, the three-dimensional positioning of the target can be converted into a two-dimensional positioning problem. However, the four circles will not intersect at one point but a small region when there are errors in ESS estimation. This will cause the true position of the target cannot to be estimated exactly. Therefore, we construct the fitness function by reducing the intersection area of the four circles. It is known that three hydrophones are enough to be used to estimate the target position. Therefore, four hydrophones can get four different positioning results by different combinations. Defining the LS algorithm as function ) ( LS , and the four positioning results are as follows: 
where  is the operator to compute the Euclidean distance between two points.
Particle Position Setting and Initialization
We take the one-dimensional vector composed of the polynomial coefficients as the position vector of the particle, as shown in Eq. 7. a, b, d , e are the parameters for estimating the ESS using Eq. 1.
At the beginning of the PSO algorithm, it is necessary to initialize the position vector, which requires establishing the relationship between the horizontal distance and the ESS according to Eq. 1. First, a suitable sound speed can be determined empirically, and then the coordinate of the target can be calculated according to LS algorithm to obtain the horizontal distances. Thus, the parameters a, b, d and e can be initialized according to Eq. 1.
Process of the Algorithm
We summarize the overall process of PSO based LBL system positioning method as follows:
Step 1: Input the known parameters. Initialize the position and velocity of each particle;
Step 2: Calculate sound speed from Eq. 1, and the target is located from the measured propagation time. Then evaluate the fitness value of each particle by Eq. 6. Update the historical optimal solution of each particle according to its own fitness and store the global optimal solution;
Step 3: Update the velocity and position of each particle according to Eq. 3 and Eq. 4;
Step 4: Determine whether the stopping criterion is satisfied, and if it is satisfied, proceed to the next step. Otherwise, turn to Step 2;
Step 5: Calculate the ESS between the target and each hydrophone by parameters stored in best g , then, the location of the target can be determined by LS algorithm.
Simulation and Results
In this section, we will perform several simulations to show how our proposed method improves the positioning performance. In the simulation, the hydrophones are arranged as given in Figure 2 , and the baseline length is still set to L = 8 km. The three-dimensional coordinate of the target is (3250m, 4300m, 800m). The propagation time of acoustic signal underwater is calculated by the Snell's Law, and the SSP we adopted is shown in Figure 1 (a) . We still only need to estimate its two-dimensional coordinate ) , ( y x . In the process of positioning using LS algorithm, the constant sound speed is set to 1505.3 m/s (the weighted average sound speed [14] of SSP shown in Figure 1 (a) at the target depth), and the positioning result is shown in Figure 3 (a) . Figure 3 (a) is a two-dimensional enlarged view of the LS positioning result. The "+" sign is the real location of the target and "o" is the positioning result of the LS algorithm which is (3265.54m, 4294.21m). The four lines in the figure are the partial magnification of four positioning circles. When using the algorithm proposed in this paper, we select the positioning result of LS algorithm as the initial value of PSO based algorithm. The number of particles is chosen to be 50. The maximum number of iteration is 100. Learning factors are set to 0 . 2 2 1   η η and inertia weight is set to 9 . 0  ω . The positioning result of PSO based algorithm is shown in Figure 3 ( . It can be seen obviously from Figure 3 that the positioning result of PSO based algorithm is closer to the real position of the target than the result of LS algorithm.
Next, we compare the PSO based algorithm and the LS algorithm by selecting 10 points in the operational area to test the positioning accuracy. The two-dimensional coordinates of the target points are listed in Table 1 . For each positioning process, we firstly estimate its location by LS algorithm, and the range error (RE) is calculated by Eq. 8. Then the positioning result is selected as the initial value and the PSO based algorithm runs 50 times independently. Finally, the root mean square error (RMSE) of the PSO based algorithm's positioning results is calculated by Eq. 9. 
where ) , ( y x is the real location of the target and ) , ( y x is the estimated value. } { E indicates the expectation operator. The results are shown in Figure 4 , and it can be seen that the positioning error of PSO based algorithm reduces significantly and becomes location independent about the target. The convergence speed of PSO algorithm is one of the most important considerations in real application. The time to run the PSO based algorithm once is about 9 seconds under our simulation environment (CPU: Intel Core i7-4710MQ, 2.5GHz; RAM: 8GB; Operating system version: Windows 8.1; Matlab version: R2014a), which is obviously slower than LS algorithm but usually faster than classical methods that based on measured SSP.
Summary
In this study, a significant improvement on LBL system positioning without measuring SSP is achieved by using PSO algorithm. This method sets different propagation speed of acoustic signal between the target and each hydrophone, and utilizes PSO algorithm to settle nonlinear problem.
Since the initial values of the PSO algorithm is obtained by the classical methods, the positioning accuracy of the proposed method is not lower than that of classical methods. The simulation results show that the PSO based algorithm improves the positioning accuracy and reliability of the LBL system compared with the classical method and its computational efficiency is high enough.
